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Abstract

This paper discusses certain connections between nonlinear programming algo-
rithms and the formulation of optimization problems for systems governed by state
constraints. I work through the calculation of the sensitivities associated with the
different formulations and present some useful relationships between them. These
relationships have practical consequences; if one uses a reduced basis nonlinear pro-
gramming algorithm, then the implementations for the different formulations need
only differ in a single step.
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1. Introduction. This paper discusses certain useful relationships between non-
linear programming algorithms and the formulation of optimization problems for sys-
tems governed by state constraints. The simplest instance of such a problem is

(1) minimize f(x) = f(z, u()),

where f is a real-valued function and u(z) is computed via the solution of a system
of equations

h(z,u(x)) = 0.

Think of z as the design variables of the problem, and of u as the state variables de-
scribing the physical state of the system to be optimized. The equations h(z, u(z)) = 0
represent typically a system of ODE or PDE that govern the system. Given a value
of the design variables #, we can solve these equations for the state u(z). In the com-
putational setting, the design variables z and state variables u will each lie in some
finite-dimensional vector space.

More generally, of course, the problem could have additional constraints. How-
ever, to present the points I wish to make I will consider only the original, simpler
problem (1).

I will assume that the state equations are a block system; two blocks will suffice
for my purposes:

h(z, uy, us) = ( i (, un, o) )

hZ(xa Uy, UZ)

In the context of Multidisciplinary Design Optimization, the blocks i; might describe
the state equations for different disciplines, such as structures and aerodynamics,
together with interdisciplinary consistency conditions, and the aggregate h describes
the coupled multidisciplinary analysis system. See [5] for a further discussion of this
point.

I will further assume that given xz and wu;, we can solve

hi(z, uy, ua(z,u1)) =0
for ua(x,uy), and, vice versa, given z and wua, we can solve
ha(z, ui(z, us),u2) =0

for uy(x,uz). This hypothesis simply reflects the independent solubility of the dis-
ciplinary analyses. Note that this hypothesis means that the partition of the state
variables corresponds to that of the state equations; i.e., if there are n; equations in
h;, then there would be n; state variables in w;, and the system solved for u; would
be square.

I will consider three possible formulations of the optimization problem (1). The
first is the problem in its ostensibly unconstrained form; following [5], T will refer to
this as the Multidisciplinary Feasible (MDF) formulation:

minimize fypr(z) = f(z, u1(z), ua(z))
(2) where hi(z,ui(2), ua(z)) =0
ha(z,ui(2), us2(z)) =0
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At each 1iteration, we feed x into the multidisciplinary analysis system and solve for
the state u. Only the design variables z are treated as independent variables. This is
an example of a variable reduction approach, in which we use the equality constraints
to define some of the variables as functions of the others, and eliminate them as
independent variables.

At the other extreme, we could view the state equations purely as equality con-
straints, yielding the All-at-Once (AAO) formulation:

minimize  faso(z, u1,u2) = f(&, u1, ua)
(3) subject to  hy(x,uy,uz) =0
hz(l‘, Uy, Uz) =0.

This approach has many different names in many different fields. For instance, it
is known as Simultaneous Analysis and Design (SAD or SAND) in structural opti-
mization [11]. Tt is with this view of the state equations as equality constraints that
“feasible” appears in the name “Multidisciplinary Feasible”; at each iteration we are
feasible with respect to the state constraints. The rationale for such a formulation is
that rather than spend a lot of time attaining multidisciplinary feasibility far from
an optimal solution, this constrained formulation allows us the freedom to attain
feasibility only at the same time as optimality.

Intermediate to these two formulations is one that, using John Dennis’s apt ter-
minology, I will call the In-Between formulation. In this approach we eliminate one
of the blocks of state variables via the state equations (I choose to eliminate us) to
arrive at the following problem:

minimize  frp(x,u1) = flx, uy, us(x, u1))
(4) subject to  hrp(x,u1) = hy(z, ug, us(z,u1)) =0
where ha(, uy, us(z,u1)) = 0.

In the taxonomy presented in [5], the In-Between formulation corresponds to the Indi-
vidual Discipline Feasible formulation. The consistency constraints of [5] correspond
to hy in (4), while the individually feasible disciplines are subsumed in hs. This for-
mulation shares with the AAO formulation the advantage of additional degrees of
freedom afforded by the constraints, while having perhaps substantially fewer explicit
variables in the optimization problem, since we have performed a partial variable re-
duction by eliminating u» as an independent variable. For a further discussion of the
relative advantages and disadvantages of these formulations, see [B].

The goal of this paper is to show how these three formulations, the associated
sensitivities, and reduced basis methods for their solution are related. I will show how
one may, in a fairly simple manner, pass between the different formulations together
with algorithms for their solution. It will turn out that to apply a reduced basis
algorithm to the three formulations requires, in principle, only a change to one step of
the optimization algorithm. This is due to the structure of the problem introduced by
the state constraints. This structure has important consequences for the design and
implementation of disciplinary analysis codes if they are to be used in optimization.

The work in [7] compares these three formulations for a model large-scale param-
eter estimation problem and shows the potential promise of the In-Between formula-
tion. The implementation used in that work realizes the idea presented here, and the
three formulations were solved with substantially the same code, as will be discussed

in §5.



In §2 I will review the notions of the reduced gradient and the reduced Hessian.
In §3, T will examine the sensitivity calculations associated with the MDF and In-
Between formulations. There I will show how they can be obtained from those of the
AAO formulation. In §4 I will outline how a reduced basis nonlinear programming
(NLP) algorithm works, and in §5 show how one may pass between reduced basis
algorithms for the solution of the different formulations.

2. The reduced gradient and Hessian. In this section I will review the no-
tions of the reduced gradient and the reduced Hessian. First recall the classical implicit
function theorem [4].

THEOREM 2.1 (THE IMPLICIT FUNCTION THEOREM). Suppose ® is a mapping
from an open subset of R™ x R™ into R™. Suppose (yo,vo) s a point in R™ x R™
such that

1. q)(yo, Uo) = 0,'

2. @ is continuously differentiable at (yo,vo);

3. the matriz %(yo, vg) is invertible.
Then there exists a neighborhood T of yo such that for each y € T, the equation
O(y,v) = 0 is soluble for v(y) € R™. Moreover, the derivative of this solution v(y)
with respect to y is given by

5 v (90) a0
dy v By’

Formally, the latter formula is the result of implicit differentiation of ®(y,v) = 0
to obtain

6_@ _|_ 6_@d_v — 0
dy v dy
and then (5).

Now, suppose that v(y) is the unique solution to a state relation

(6) ®(y,v(y)) =0

where @ is twice continuously differentiable and d®/0v is invertible. In practice,
the validity of these hypotheses typically follows from the existence and uniqueness
theory for the solution of the equation represented by (6). With these hypotheses, T
may apply the Implicit Function Theorem to compute sensitivities. Before doing so,
let me first define the matrix

I
W=W(y,v) = o9e~1 9%
" (y,v)%(y,v)

I will call W the injection operator associated with @ since it is a one-to-one mapping
from R™ into R™ x R™ and is invertible on its range (i.e., W has full column rank).

Its transpose W7 1 will call the reduction operator.
Let

_0°
-5

L

N =3

and B

We call B the basic block since, by assumption, B = 9®/Jv is invertible and hence is
a basis of R™. The associated state variables v are the basic variables. The remaining
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design variables, y, are the non-basic variables, and N the non-basic block. In terms
of the basic and non-basic blocks,

().

Note that W is a basis for the nullspace of the linearized state constraint operator:

(7) Vo'W = (N B) ( _BLN ) =0.

I will return to this point in §4 and §5.
Finally, given F : R™ x R® — R, define X by

) r=aw0) == (52) oV Fwo)

and the Lagrangian £(y, v; A) by
Uy, v;0) = F(y,v) + AT ®(y, v).

The quantity A is a Lagrange multiplier estimate arising from variable reduction [10].
For those familiar with the language of “the adjoint method” in control, A is the
costate or adjoint state.

PropPoOsITION 2.2. Let F(y) = F(y,v(y)), where v(y) is computed via (6), and
F:RM xR® — RY. Then

(9) VoI (y) = Vg P (y, v(y) Wy, v(y)).

If Fis a real-valued function, then

(W0} P (y) = W (5, 0(0) (V00 F (3 0(0)) + V00 (0 ()M, v(0) ) Wiy, v(0)):

By V(Zyyv)q)/\ I mean

2 _ 72 .
Vi, @A =D NV,
i=1
In the case of a real-valued F', transposition of (9) tells us that VF is given by
(11) VyF(y) = Wy, v() V(0 F(y, v(y)).

The quantity appearing on the right-hand side of (11) is known as the reduced gradient

[10], since it is the product of the reduction operator W’ with VF. Similarly, the

quantity on the right-hand side of (10) is called the reduced Hessian of the Lagrangian.
Proof. Computing the Jacobian of F, we see that

) = S0 + S o) )



This and the Implicit Function Theorem then yield

T = L - S (52) )G

1
oF oF -1
- (a(y,v(y)) 67(3/,1}(31))) ( _ (g_i)) (y,v(y))g—j(y,v(y)) ) .

which is (9).
Next, the Hessian for real-valued F'. We have
&’F  d dv
- 2 \F Fy(y, e
= 1 [ + o) 3|
or
PE_ 08, d70F,  OFde dTORdv | &
dy?  dy dy Ov Oy dy dy Ov dy Ydy?’

We can rewrite this in terms of the reduction and injection matrices as

oF, OF,

2 7 T _— — I 2
d_F — T d_v dy dy + de_v
dz? dy oF, OF, dv dy?

v v dy
d?v

= wT (vfyyv)F) W+ F s

Repeated implicit differentiation of ®(y, v(y)) = 0 yields

d dv
(@) + 0o g ) =0
whence
dv _ (00N (09,  du'0®, 0D dv  dv' 9, dv
dy? v oy dy v Oy dy dy Ov dy]’
Thus,
p A _ _OF (0h\T (09,  dvTO®,  00,dv  dv' 0P, dv
Ydy? Ov \ Ju 0y dy Ov Jy dy dy Ov dy

7 [ 0Py dvTﬁq)y 0%, dv  dv”’ 9d, dv
0y dy Ov Jy dy dy Ov dy
= W (V3,,@\) W.

Thus we finally arrive at

d*F T (o2 2 T (o2
W(y) =W (V(yyv)F + V(yyv)hA) wW=w (V(yyv)ﬁ(y, v(y); Ay, v(y))) w,

which is (10). O



3. Sensitivities for the three formulations. In this section I will derive some
formulae relating the sensitivities of the MDF, In-Between, and All-at-Once formu-
lations. You will see that the sensitivities are all derived from those of the AAO
formulation in simple and interesting ways.

Proposition 2.2 says that the gradient and Hessian associated with the MDF for-
mulation are the reduced gradient and reduced Hessian of the Lagrangian associated
with the AAO formulation, as we will now discuss. Let B440 and Ny40 denote the
basic and non-basic blocks associated with the AAO formulation,

o om o,
_ 6u1 8u2 _ %

Baao = Ohs  Oha Naso = ohy |
6u1 8u2 %

let W4 40 denote the reduction matrix associated with the AAO formulation,

1
w. = 4 ° ,
440 ( _BAiXONAAO )

let Apao denote the Lagrange multiplier associated with the AAO formulation,
Aaao = —B1EoVufaao,
and let {440 denote the Lagrangian associated with the AAO formulation,
Cano(z,w; N) = fasol(w,w) + AT h(z, u).

Then we have this corollary of Proposition 2.2.

COROLLARY 3.1. Suppose that (x,u) is feasible with respect to the multidisci-
plinary analysis constraints: h(x,u) = 0. Then the gradients and Hessians at (z,u)
of the MDF and AAO formulations are related by

(12) Vefupr(x) = Wiio(®, W)V ufaso(x, u)
(13) = Wiio(@, w)V(eulaso(x, u; daao(x, u))
and

(14) V2 fupr(z) = Wl (z,u) (vfxyu)eAAo(x, w; Aaaol(z, u))) Waao(z, u).

Proof. The relations (12) and (14) follow immediately from Proposition 2.2. The
equation (13) is a consequence of the fact that W1, ,Vh=0. O

Next we turn attention to the sensitivities associated with the In-Between formu-
lation (4). We will denote by S the Schur complement

_Ohi Oy (8112)_1 Oh»

T Our Ouy \Ouz)  Ouy’

6u2

This is the Schur complement of the basic block B4 40 upon elimination of the variable
us. You can easily check that

(15) S

-1 _
BAAO -

St _g-1 2l (%)_1

8—112 6u2

(T ke oy (Oha\T | (0ho\ T Ohy oy Ol (Ohy )T
6u2 6u1 6u2 8u2 6u1 8u2 8u2

6
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I will also denote by W5 the reduction matrix associated with the elimination of wus:

I, 0

0 I,
(17) WZI 6]7,2 ! 6]12 6]12 -t 6}12
@) = -G w

The next result concerns the basic and non-basic blocks for the In-Between for-
mulation. Equations (15) and (19) mean that the basic block associated with the
In-Between formulation (4) is the Schur complement that results if us is eliminated
from the basic block of the All-at-Once formulation.

PrOPOSITION 3.2. The nonbasic block associated with the In-Between formulation

(4) is

Ohrp _ Ohy Ol (8/12)_1%

(18) Gr = 0r 0wy \9u,) s

The basic block associated with the In-Between formulation ({) is

19) Ohip _ Ohy _ Ohy (Ohs\™" Ohy
6u1 o 6u1 8u2 8u2 6U1.

Proof.  Applying Proposition 2.2 with y = (z,u1), v = s, and F(aj,ul) =
hrp(z,u1, us(w, uy)) yields

(ah,B 6h13):<% Ohy am)Wz

oz Ouy Or Oup Ous
I, 0
_ (0hy  Ohy Ol 0 I,
- (a_x duy  Ouy ) dhs\ 7! ahz Oho\ "' Ohy |
<8uz) <8uz) Ouy
from which we obtain (18) and (19). O
Let
Iy
(20) WIB = 6]1[3 -t 6]7,13
- (W) or

denote the reduction matrix associated with eliminating u; from the In-Between for-
mulation. Let

B dhg\ "
(21) Arp = — ( 9, ) Vu, fIB

denote the Lagrange multiplier associated with the In-Between formulation. In the
In-Between formulation, we eliminate uy from the AAQO formulation as an explicit
variable; the following proposition says that the the multiplier A;p can be obtained
from the AAO multiplier by dropping the component corresponding to the constraints
that define us.



PROPOSITION 3.3. At a point (x,uy) feasible with respect to hyp, i.e., satisfying
hrp(z,u1) = 0 (and a fortiori, ha(x, uy, ua(z,u1) = 0), we have

(22) /\]B(l‘,ul) :(Iul 0) /\AAo(l‘,ul,UQ).

Proof. Applying Proposition 2.2 to compute V(. ) fr5 (%, u1) we have

Mg = —S7IVy, fre(z,uy)
= _S_T (0 Iul)v(x,ul)fIB($au1)
— _S_T (0 Iul) ng(x,ul,uQ)fAAO($a Uy, Uz).

Writing this out leads to

Arg = _S_T(O Ly,) 3th 622 -T v(xvulyw)fAAO(x’ul’uz)
0 I, —-—2 (222
! 6u1 6UQ)

_ _pOhy T (R \TT
— (0 S T —_— Ta—m (8—112 v(x,ul,uQ)fAAO($au1au2)

(0 I, 0
I, 0)Biio ( 0 0 I, )v(l‘,ul,UQ)fAAO(xaulau2)

(
= — (L, 0)ByioVufaso(z, ui,us)
(Iul 0) Adao-

a

We have the following factorization of the All-at-Once reduction operator in terms
of the In-Between reduction operator and the reduction operator associated with the
elimination of uy as an explicit variable.

PROPOSITION 3.4. Suppose that (x,uy) is feasible with respect to hip, as in
Proposition 3.3. Then

(23) Wano = WalWip.

Proof. The proof is another icky calculation. We have

I
Wo= | _gou (O O (0hy\ 7" Ohy
Oz Ous \ Ous Oz
and
I, 0
Wi — 0 I,
T (9he\T 0y (0h\TN 0By |
8u2 oz 6u2 6u2



SO

I,
g (% _ O (%) %)
WoWig = Ox  Ouz \ Ousy Ox
(8/12)_1 Ohs | (8/12)_1 Ohy ¢y (8/11 Ohy (8112)_1 6h2)
Ous oz Ous oz oz Ous \ Ous oz

But from (16) we see that the last two rows of this product are none other than

~BihoNaso =
Ohy (Ohy\ ' oh
-1 _ _1— vz —1
_ > s dus <6U2) Ox
L (Oha\T Oha gy (Oha\TT L (Oha\T Db oy Oy (0ho\ TN | OR
Jus duq Ouy Ous ouy Ous \ Ous Oz

Thus WAAO = WQW[B. a

The next proposition says that the reduced gradient and reduced Hessian for
the In-Between and All-at-Once formulations are the same at appropriately feasible
points.

PROPOSITION 3.5. Suppose that (x,uy) is feasible with respect to hip, as in
Proposition 3.3. Then

(24) WFBv(x,ul)fIB($a ul) = W}on(x,ul,uQ)fAAO(xa Uy, UZ)a
(25) WITBV(x,ul)fIB(l‘, u1; Arg) = Wngv(x,ul,UQ)fAAo(l‘, U1, U2; Aa40),

(26) Vi, .lrs(e,ui;Aig) = Wy (V(zxyulyuQ)fAAo(l‘, U1, U /\AAO)) W,
and

(2TW /g Vi wn i@, us Arp)Wrp = Wiao Vi unyfaao(@, ui, us; Aaso)Waao,

where A\rp = Arp(z,u1) and Aaao = Aaao(x, uy, us).
Proof. From Proposition 2.2 we have

Vieun 18 = W3 Ve uyus) faao;
this combined with Proposition 3.4 yields (24). Equation (25) then follows since

Wi, Vhig =0and W1, ,Vh= 0.
Applying Proposition 2.2 to F' = {;p we obtain

Vi unlin = Wy (V(nyulyuQ)fAAO + Vi wranyiArs + V(nyuhw)hz/\z) Wa

where As is given by

dhy\ "
AZ = — (a—uz) (0 qu) (v(x,ul,uQ)fAAO + v(xyul,uz)hIBAIB) .
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Using (16) and (21), we obtain

(ohe\ T (o o (o (00T om (ohy T af
6u2 6u2 6u2 6u1 6u1 8u2 8u2

= (0 L) (=BiioVafaso)

= (0 Ii,)Aas0.

A

At this point the component of A4 40 corresponding to the block hy reappears.
Moreover, (22) tells us that A;p = (I, 0)Asaso. Thus,

V(nyul)fIB = WZT (V(nyulyuﬂfAAo + V(nyuhlw)hAAAo) Wz,
which is (26). Moreover, by Proposition 3.4,

WITBV%@UI)EIBWIB = Whyw! (V2 fAAO+v(2x7ulyu2)hAAAO) WaWip

(z,u1,uz)

_ wT v?
= WinoVieusumtasoWaso.

4. Reduced basis algorithms. In this section I will discuss a model Sequential
Quadratic Programming (SQP) subproblem and reduced basis methods for its solution.
SQP subproblems similar to this one are at the heart of many equality constrained
NLP algorithms.

The fundamental SQP subproblem for (3) is

minimize %ST Hs+4¢7s

(28) subject to  VATs 4+ h =0,

where H is an approximation to the Hessian of the Lagrangian and ¢ is the gradient of
the Lagrangian. For a trust-region algorithm one would have, in addition, some man-
ner of trust-region constraint, but for now I will ignore this detail. This subproblem
may be stated in many equivalent ways; for a discussion, see [15].

Now, if one had a point s*¥ that was feasible with respect to the linearized
constraints, and a basis Z for the nullspace of the Jacobian of the constraints, then
one could express s as

s=sl' 4+ Zo
and the SQP subproblem could be reduced to an unconstrained problem:
(29) minimize %O'TZTHZO' +(g+ HstYT 2% .

In a reduced basis approach to an equality constrained optimization problem we
take advantage of a certain form of basis for the nullspace of the linearized constraints
[10]. At each iteration of the optimization algorithm, we seek a partition of the
Jacobian of the constraints of the form

Vh' =(N B)

where B is invertible; then

10



is a basis for the nullspace of VAT,

But we have already seen an example of such a nullspace basis at work. In the
case of state constraints, we have an immediate and fixed choice for the basis matrix
B, to wit, the linearized state operator. This is the import of (7). Moreover, the

invertibility of B allows us to obtain a linearly feasible point s“¥'; we may simply take

(30) st = ( —Bo—lh ) .

This corresponds to solving the linearized state equation, or, if one prefers, taking one
unglobalized step of Newton’s method towards the solution of the state equation.

In terms of W, then, the model SQP subproblem (28) could be transformed to
the unconstrained problem

minimize %O'TWTHWO' + (g + Hst)YTwho.

One would solve this problem for the reduced step o—a step in the design variables
alone—and then take the step s = Wo in all the degrees of freedom in the optimization
problem, both the design variables and those state variables kept explicit.

Note that this is not only a convenient reduction, but in the context of MDO this
is almost surely a necessary step. The SQP subproblem involves attaining feasibility
with respect to the linearized state constraints. Therefore the SQP subproblem is nec-
essarily more difficult than solving the linearized multidisciplinary analysis problem,
which, for problems involving PDE, may be quite difficult in itself. In order to solve
the optimization subproblem we must exploit the structure of the problem—in this
case, 1ts relation to the state constraints—and avail ourselves of the pieces available
from the solution of the analysis problem.

5. A simple way of implementing reduced basis algorithms for the dif-
ferent formulations. In this section I will show how the relations between the dif-
ferent formulations in §3 mean that, in principle, it is possible to implement an opti-
mization algorithm for the AAO formulation that with a single modification becomes
an algorithm for either the MDF or In-Between formulations. I have actually done
such an implementation for the work described in [7].

The key to such an implementation lies in the relations that were presented in
§3. To make matters concrete, I will discuss the following trust-region algorithm for
large-scale equality constrained optimization problems. This algorithm was used for
the work in [7] and is a relative of the algorithms described in [3] and [6]. T use
the subscript and superscript “¢” to denote quantities associated with the current
iterate, and the subscript and superscript “+” to denote quantities associated with
the putative next iterate, following [8].

At each iteration, we approximately solve the subproblem

minimize %STHS +47s
(31) subject to || VhTs + h. || <40
Isll<é

where H 1s an approximation to the Hessian of the Lagrangian, g is the gradient of
the Lagrangian, é is the current trust radius, and # is chosen to enforce Fraction of

Cauchy Decrease on || VhTs +h. ||2 over a trust-region of radius ré, where 0 < r < 1
1s fixed.

11



The approximate solution of the subproblem is effected in two stages. The first
is to take a step in the basic variables to improve linear feasibility, rather as in (30):

(32) P = ad,
where

0
d= -1
~(3) *
Ju
The quantity « is chosen to solve
minimize % || aVhTd+ h, | ’
subject to [| ad || < ré.

The second stage is then to improve optimality subject to the constraint of not
degrading the improved linear feasibility achieved by s“'. Let

O =VhTsEE 4,

The subproblem we solve to improve optimality subject to improved linear feasibility
is

minimize %STHS +47s
(33) subject to VATs+h, =0
sl <o

This we do by using the reduced basis and writing the desired step as
s=s 1 Weo
and solving the trust-region problem

(34) minimize %O'TWTHWO'—F (g + HsEYTWTs
subject to || stF 4 We || <é.
We then test the aggregate step s using the augmented Lagrangian
p
L{y; A, p) = f(y) + XTh(y) + 5 1 hw) I,

as the merit function with the penalty weight p updated as described in [9]. Figure 1
contains a rough outline of the algorithm for the AAO formulation.

Now suppose that I modify this algorithm by adding an analysis step in which
given design variables z, I solve the multidisciplinary analysis problem h(x., u.) = 0.
This single modification, illustrated in Figure 2, yields a trust region algorithm for
the MDF formulation.

THEOREM b.1. The modified algorithm in Figure 2 is equivalent to a trust region
algorithm for the MDF formulation.

Proof. T will check the following:

1. At every step, we are feasible with respect to the constraint A(z.,u.) = 0.
This is, of course, true by design.

12



Initialization: Choose an initial (z, u.).
Until convergence, do {
1. Compute the multiplier

o\ !
Aasao = — (8_) Vufaso.
u

2. Test for convergence.
3. Construct a local model of €440 about (z.,u.).
4. Take a step s“F to improve linear feasibility:

0
SLF:a 6]7, -1
‘(a—u) he

5. Subject to the improved linear feasibility, take a step to improve
optimality:

minimize  $0T W7, o Haa0Waao0 + (gano + Hanos™ )T W1, o0
subject to || st + Wanoo || <o

6. Set s = (54, 54) = sT + Waaoo.
7. Evaluate (x4, uq) = (xe, ue) + (55, Su)-
8. Update (z., uc), 6, &c.

}

Fi1c. 1. Reduced basis algorithm for the AAO formulation.

2. The subproblems we solve in the context of the AAO formulation correspond
to a trust region subproblem for the MDF formulation.
3. The merit function we use to evaluate the step taken for the AAQO formulation
corresponds to the correct merit function for the MDF formulation.
Because we solve the analysis problem h(z., u.) = 0 at each iteration, h, = 0 and
so siF = 0. The subproblem we solve to improve optimality then becomes

e 1 _T1iT T T
minimize 50" Wi o0Ha10Was00 + 9440Was00
subject to || Wasoo || < 6.

However, in light of Corollary 3.1, this is none other than

e 1 T2 T
minimize 50" Vifypro +Vefyrpro

subject to [| Wasoo || < 6.

This we recognize as a trust-region problem for the MDF formulation, which estab-
lishes Point 2. Note, however, the non-standard scaling of the trust region constraint.
As discussed in [14], this scaling is quite natural since it measures the effect of changes
in the design variables on the state variables.

Moreover, Point 3 holds. Because h(x,u) = 0 at each step, the augmented La-
grangian merit function reduces to

fano(w,u(®)) + Niaoh(e, u(z)) + g | h(z,u(z)) ||? = fano(z, u(z)) = fupr(z),
13



Initialization: Choose an initial ..

Until convergence, do {
0. Analysis: Solve h(z,u(x)) = 0 for the state u(z).
1. Test for convergence.

7. Analysis: Solve h(zy,uy) = 0 for uy(zy) and evaluate
(T4, tg)s

1

Fi1G. 2. Reduced basis algorithm for the AAO formulation with a multidisciplinary analysis step.

Initialization: Choose an initial (2%, uf).

Until convergence, do {
0. Analysis: Solve hs(z, uy, us(z,u1)) = 0 for us(x, uy).
1. Test for convergence.

7. Analysis: Solve hy(zt, uf, uf

evaluate (z4,uq).

= 0 for uf(zy,u’) and
2 (T4, Uy

1

F1G. 3. Reduced basis algorithm for the AAO formulation with an analysis step that eliminates us.

which is the merit function for the unconstrained MDF formulation. Thus we have a
trust region algorithm for the MDF formulation. 0O

Thus, simply by the addition of an analysis step the reduced basis algorithm for
the AAO formulation becomes a reduced basis algorithm for the MDF formulation,
without any re-implementation of sensitivities or other procedures. In fact, this re-
duced basis algorithm is an instance of a class of algorithms known as Generalized
Reduced Gradient methods, which date back to Abadie and Carpentier in the early
1960s. For further discussion and illustration of these methods applied to problems
with state constraints, see [1, 2, 12, 13, 14].

Now, what happens if I add a partial analysis step to the algorithm for the
AAO formulation, an analysis that enforces feasibility with respect to the block of
constraints ho, as in Figure 37 As it happens—as it was meant to happen—we obtain
a reduced basis algorithm for the In-Between formulation.

THEOREM 5.2. The modified algorithm in Figure 3 is equivalent to a reduced
basis trust region algorithm for the In-Between formulation.

14



Proof. T will check the following:

1. At every step, we are feasible with respect to the In-Between state constraint
ha(x, uy, uz(2z,u1)) = 0. This is true by design.

2. The subproblem we solve in the context of the AAO formulation to improve
model feasibility yields a similar step for the In-Between formulation.

3. The subproblem we solve in the context of the AAO formulation to improve
optimality subject to improved model feasibility does the same for the In-
Between formulation.

4. The merit function we use to evaluate the AAO formulation corresponds to
the correct merit function for the In-Between formulation.

We have
Biaohe
dhy [ Ohs\ "
-1 o191 [ ORy
S s Ouy <8uz) hy
= -1 -1 -1 -1 0
(P Oha (9N (k)T Ol 0y (OB,
6u2 6u1 6u2 8u2 6u1 8u2 8u2
L,
| _fonyom | s
6u2 6u1
L,
= | _ (k2" Ohy | Bighi
6u2 6u1
and hence
GLF _ 0
tro = sl
I, 0
0 I, 0
0k Oy (0ha\ TN OBy |\ sTE
Ous Oz Ous Oz
= Wzs%g,

where « 1s chosen so that
LF
|| SIB

This settles Point 2. Again, note the non-standard scaling of the trust-region; this
tracks the effect of the step on the implicit variable us.
Meanwhile, by Proposition 3.5,

lw, = | Wests || = rs.

WAAO = WQW[B,
WiisoHasoWaso = WigHisWis,
Wiaog9re = Wiggrn,
and
Wt oHanoshho = WEWIH ia0Wast)
= WigHipsrh.
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Thus we have the equivalence between the subproblem

e 1 _T11sT LF T
minimize 50 Wi oHaaoWanoo + Haaos54a0 + 94400
subject to || sﬁﬂo + Wasoo || <46

for the AAQO formulation and the subproblem

e 1 _T117T LF T
minimize 50 WIBHILJ%WIBU + Hisiao + 9187
subject to || sip + Wipo ||W2 <6

for the In-Between formulation, which establishes Point 3.
Moreover, because ho(z, uy, us(z,u1)) = 0 at each step, Proposition 3.3 tells us
that the augmented Lagrangian merit function reduces to

p
Fanole, u(e)) + N aohCe, u@) + 21| e, u(w) | =
fiB (e, ur) + Al ghrs(w,u1) + g | hrp(z,w) [,
which is the augmented Lagrangian for the In-Between formulation, confirming Point
4. Thus we have a reduced basis trust region algorithm for the In-Between formulation.
d
I have shown that the addition of an appropriate analysis step to the reduced
basis algorithm in Figure 1 for the AAO formulation yields reduced basis algorithms
for the MDF and In-Between formulations. Similar results hold for other algorithms
one might consider, such as an SQP approach using a line-search.

6. Conclusion. The results of §3 and §5 follow from structural features of opti-
mization problems governed by state constraints. A number of other practical conse-
quences of these structural features are discussed in [14]. The results presented here
illustrate, I believe, some of the rich and useful structure of optimization problems
with state constraints.

I have shown that a properly structured and implemented reduced basis algorithm
can be modified in a conceptually and practically simple manner to produce algorithms
for alternative problem formulations, demonstrating a truly gratifying connection be-
tween the formulation of a problem and algorithms for its solution. One can easily
build a telescoping family of algorithms that correspond to different formulations of
the problem, and have different computational behavior.

The key to this approach is the availability of certain components inside the state
constraints; in particular, at the very least the actions on vectors of the operators

Oh; Oh; (Oh;\T' [(Oh\TT
dx’ du’ \ du "\ Ou '
If simulation codes were written to make these components accessible to those of

us doing optimization, then our task would be greatly facilitated, and alternative
formulations and algorithms could be easily explored.
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